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FLEXIBLE STRAIN SENSORS
CROSS-REFERENCE TO RELATEDAPPLICATION(S)
This application is the 35 U.S.C. §371 national stage of,
and claims priority to and the benefit of, PCT application
PCT/US2013/066879, filed Oct. 25, 2013, which claims
priority to and the benefit of U.S. application Ser. No.
61/719,115, filed on Oct. 26, 2012, herein incorporated by
reference in their entirety.
BACKGROUND
Strain sensors are used in various applications. In many of
these applications, the sensors are used in harsh environ-
ments involving high force and low strain. Such sensors are
typically formed using rigid materials and are therefore
unsuitable for applications in which the object to which the
sensor is to be applied has an uneven surfaceor is flexible.
It can therefore be appreciated that it would be desirable to
have flexible strain sensors that can conform to uneven
surfaces and flex with those surfaces.
BRIEF DESCRIPTION OF THE DRAWINGS
The present disclosure may be better understood with
reference to the following figures. Matching reference
numerals designate corresponding parts throughout the fig-
ures, which are not necessarily drawnto scale.
FIG. 1 is a perspective view of a first embodiment of a
flexible strain sensor.
FIG. 2 is a top view of the sensor of FIG. 1.
FIG. 3A-3Cillustrate steps in an embodiment of a method
for fabricating a flexible strain sensor.
FIG. 4 is a perspective view of a second embodimentof
a flexible strain sensor.
FIG. 5 is a top view of the sensor of FIG. 4.
FIG.6 is a perspective view of the sensor of FIG. 4 shown
encapsulated in an elastic polymer.
FIG.7 is a block diagram of an embodimentof a wireless
sensing system that incorporates a flexible strain sensor.
FIG.8 is a circuit diagram ofa circuit that was usedtotest
a flexible strain sensor.
FIG. 9 is a graph that shows the sensitivity of a flexible
strain sensor that was tested.
FIG. 10 is a graph of output signals obtained via wireless
communication from a flexible strain sensor that was tested.
FIG. 11 is a graph of dynamic responses of a flexible
strain sensor that was tested.
FIG.12 is a top view of a third embodimentofa flexible
strain sensor.
FIG.13 is a top view of a fourth embodimentofa flexible
strain sensor.
FIG. 14 is a top view ofa fifth embodimentofa flexible
strain sensor.
FIG. 15 is a top view of a first intraocular lens that
incorporates flexible strain sensors.
FIG. 16 is a top view of a second intraocular lens that
incorporates flexible strain sensors.
FIG. 17 is a top view of a contact lens that incorporates
flexible strain sensors.
DETAILED DESCRIPTION
As described above, it would be desirable to have flexible
strain sensors that can conform to uneven surfaces and flex
20
25
30
35
40
45
50
60
65
2
with those surfaces. Disclosed herein are examples of such
strain sensors. In some embodiments, the strain sensors
comprise a flexible substrate on which is formed a layer of
piezoresistive amorphous carbon. When the strain sensoris
applied to an object, strain can be sensed by measuring
changes in the resistance of the amorphous carbon layer.
In the following disclosure, various specific embodiments
are described. It is to be understood that those embodiments
are example implementations of the disclosed inventions
and that alternative embodiments are possible. All such
embodiments are intended to fall within the scope of this
disclosure.
Recently there has been an increasing interest in devel-
oping smart sensors based on polymeric materials capable of
reducing the structural restrictions of conventional sensors.
Such sensors could be used in the fields of robotics and
wearable electronics. Example applications include the mea-
surement of physiological signals, such as breathing, joint
movements, and tactile interaction. In such applications, a
flexible strain sensor is needed that can conform to non-
planar shapes and deform as the surface to which the sensor
is applied deforms. Various embodiments of flexible strain
sensors are described below.
FIGS. 1 and 2 illustrate a first embodiment of a flexible
strain sensor 10. As shownin thesefigures, the sensor 10 has
a general “barbell” shape in which there is an elongated,
rectangular central region 12 that is terminated on both ends
by relatively wider rectangular end members 14. In this
configuration, the central region 12 acts as the active region
of the sensor 10 and the end members 14 act as contact pads
to which electrical leads (not shown) can attach. Example
dimensions for the central region 12 and the ends 14 are
illustrated in FIG. 2.
The construction of the flexible strain sensor 10 is most
clearly evident from FIG. 1. As shown in that figure, the
sensor 10 generally comprises a flexible substrate 16 on
which is formed a layer 18 of amorphous carbon. In some
embodiments, the substrate 16 is made of a flexible, bio-
compatible polymeric material. As an example, the substrate
16 can be made of polyimide (e.g., Kapton® by DuPont).
Polyimide is a desirable material because of its high flex-
ibility and deformability, biocompatibility, and ease of inte-
gration with electronic circuits on a single substrate. Irre-
spective of the material used, the substrate 16 can be
relatively thin. In some embodiments, the substrate 16 is
approximately 1 wm to 500 um thick (e.g., 125 um thick).
Carbon and its allotropes are useful for strain sensing
applications because of their piezoresistive properties.
Moreover, the carbon layers can be formed underrelatively
low-temperature conditions, which enables many different
types of materials to be used for the flexible substrate 16.
The amorphous carbon layer 18 can be formed on the
substrate 16 using substantially any suitable deposition
technique.Irrespective of the method used, the carbon layer
18 can be very thin. In some embodiments, the carbon layer
18 is approximately 0.01 um to 100 wm thick (e.g., 0.5 um
thick).
One advantage of the flexible strain sensor 10 is its
simplicity and ease of fabrication. FIGS. 3A-3C illustrate
steps of an example fabrication method that can be used to
form a sensor, such as the sensor 10. Beginning with FIG.
3A, a flexible substrate 20 is formed. In the illustrated
example, the substrate 20 is generally rectangular and
includes a top surface 22. The substrate 20 can be approxi-
mately 1 um to 500 pm thick. For thin substrates, the
substrate can be bonded to a carrier wafer (e.g., silicon
wafer) to support the substrate and keep it flat during the
US 9,752,861 B2
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fabrication process. Next, as indicated in FIG.3B,a layer 24
of amorphous carbon is deposited on the top surface 22 of
the substrate 20. In some embodiments, the amorphous
carbon is deposited using radio frequency (RF) magnetron
sputtering at a pressure of approximately 3 mTorr to 5 mTorr
and a temperature of approximately 170° C. to 180° C.
Finally, with reference to FIG. 3C, the shape ofthe flexible
strain sensor 26 can be obtained by micro-machining the
substrate 20 and its amorphous carbon layer 24. In some
embodiments, the substrate/layer can be laser micro-ma-
chined. In such a case, near vertical wall cuts can be made
with great precision. Once the micro-machining has been
performed, ultrasonication in acetone and nitrogen air dry-
ing can be performed the produce a sensor 26 that is ready
for use.
It is noted that the barbell shape described above is merely
exemplary. Indeed, the flexible strain sensor can be formed
to have nearly any shape. FIGS. 4 and 5 illustrate one
alternative shape. In these figures, a flexible strain sensor 40
comprises an elongated central active region 42 that is
terminated by rectangular end members 44. In addition, the
sensor 40 also comprises a flexible substrate 46 on which is
formed an amorphous carbonlayer 48. In this embodiment,
however, the active region 42 is not a simple rectangle but
instead comprises a continuous, narrow meandered line 50
that comprises multiple parallel lateral segments 52 that are
connected to each other at their ends by parallel linear
segments 54 that are aligned with a length direction of the
sensor 40. In the configuration shown in FIGS.4 and 5, the
lateral segments 52 are perpendicularto the linear segments
54 and the length direction of the sensor 40. With such a
configuration, the sensor 40 is capable of stretching alongit
length direction with an object with whichit is used so as to
withstand higher strains. FIG. 5 shows example dimensions
for the sensor 40. As shown in FIG. 6, the flexible strain
sensor 40 can, in some embodiments, be embedded in an
elastic material 56, such as polydimethlysiloxane (PDMS),
to increase the sensor’s ability to stretch. In some embodi-
ments, the sensor 40 can elongate to approximately 125% of
its initial length.
A flexible strain sensor having a configuration similar to
that shownin FIG.6 wasfabricated for testing purposes. The
width and length of the active region was 0.5 mm and 10
mm, respectively, and the sensor had the meandered shape
shown in FIGS.4-6. A.0.5 um thick amorphous carbon film
was deposited on a 125 um thick polyimide film by RF
magnetron sputtering from a graphite target using a custom-
designed sputter system at 150 W powerfor a period of 8
hours. The chamber pressure was maintainedat 3 to 5 mTorr
and the substrate temperature for the process was kept below
200° C.
Copper connection wires were attached to the contact
pads ofthe flexible strain sensor with conductive epoxy. The
sensor was then embedded into PDMSin astrip shape, as
shown in FIG. 6. The overall dimensions of the sensor were
20x5x0.125 mm?. Theinitial resistance for the fabricated
sensor was measured at the zero-strain state with values in
the range of 11-13 kQ.
In some applications, wireless sensing of strain is desir-
able. Therefore, a wireless sensing system was designed for
testing purposes. FIG. 7 shows the major components of the
wireless sensing system 70. As depicted in this figure, the
system 70 comprised a flexible strain sensor 72, and inter-
face circuit 74, a controller 76 that includes a microproces-
sor 78 and a first transceiver 80, and a first antenna 82. In
addition, apparatus was setup to receive data from the
system 70, including a second antenna 84, a secondtrans-
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ceiver 86, a reader 88, and a computing device 90. In use, the
sensor 72, which could be connected to or implanted within
a body, senses motion as a strain and a corresponding signal
is fed to the interface circuit 74. The interface circuit 74
converts this signal into a format that is suitable for the
microprocessor 78. The microprocessor 78 processes the
signals and digital data packets are then wirelessly trans-
mitted by the first transceiver 80 and thefirst antenna 82.
The packets are received by the second antenna 84 and the
second transceiver 86, are read by the reader 88, and then
can be presented on the computing device 90. In some
embodiments, the packets can be transmitted using a stan-
dard RF network protocol with a wireless communication
range of up to 35 m in normal situations.
The strain sensor was connected in a Wheatstone bridge
circuit configuration as shown in FIG. 8. RG was the gauge
resistance, initially 11.29 kQ. R1 and R3 were approxi-
mately 11 kQ. The bridge was balanced using a variable
resistor R2. The output voltage of the bridge at the zero
strain can be calculated as
Re Ry ) (1)Verco = Vi ——— - —_—BRGO laa Ri +R2
The output ofthe bridge wasfed to a differential amplifier.
Theresistors R5, R6, R7, and R8 were 11, 11, 110, and 110
kQ, respectively. The ratio of R7 to R5 determined a gain of
10. The output of the differential amplifier at zero strain can
be calculated as
-R;
V =vDIFFO Rs ( Re Ry ) (2)R3+Rg Ry +Ro
Thestrain sensor wascalibrated using two stages with one
fixed and the other one spring loaded for translational
motion. A tensile load was applied to the sensor by travers-
ing the translational stage using a lead screw. For each
loading, the corresponding strain value was calculated. A
charged-coupled device (CCD) camera assembled with a
microscopic objective of 10x magnification was used to
monitor the deformation of strain sensor under loading. The
translational stage was traversed in 20 discrete steps with
200 um each up to 2 mm. The corresponding strains were in
the range of 0 to 51% in an increment of 2.8% strain. The
relative change in resistance as a function of strain is shown
in FIG. 9. The slope of the curve indicates a gauge factor, or
sensitivity, of 0.534. The measured gauge factor was rela-
tively small overa large strain range as it was contributed to
by both the sensing film and the meanderline structure.
The strain sensor was interfaced to the wireless module
and strains were applied using a mechanical setup. The
sensor signals were converted and processed into digital
format before being wirelessly transmitted to the receiver.
After demodulation, output voltage was recorded and dis-
played in the computing device at a sampling rate of 10
samples/sec. FIG. 10 shows the measuredresults for differ-
ent strains with an increment of4% strain. The fluctuation in
the sensor reading at any particular strain was found to be
less than 1.4%, which indicates good stability. It should be
noted that the fluctuation includedall noise and interference
sources throughout the wireless communication. FIG. 10
also shows the calibration relationship between wireless
output and applied strain. The sensitivity was found to be
24.15 mV/strain (%).
US 9,752,861 B2
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The sensor was then mounted on a subject’s knee joint
when in a resting position and was secured with belts. A
wearable communication module was attached on the belt
above the knee. The wearable module weighed 4 g with
dimensions of 3x1.5x0.2 cm? and did notlimit the subject’s
mobility.
The knee joint flexed when the subject was in motion. The
magnitude of the flexing depended on the types of motion.
Dueto the flexing of the knee joint, the sensor experienced
strains across the joint area. Four different types of human
motion, including casual walking, speed walking, jogging,
and running, were performed. Each motion was repeated 5
times at a 1-Hz frequency. The results that were wirelessly
received at the computing device are shown in FIG.11. With
the calibration curve, strain values experienced by the knee
joint were found to be 4.1%, 6.25%, 7.86%, and 9.48% at
casual walking, speed walking, jogging, and running,
respectively. The dynamic response time for the sensor was
found to be within 400 ms, which includedthe strain sensor
response time, signal processing time in the wearable mod-
ule, wireless communication time, and computing device
processing time. Results also indicated reasonable repeat-
ability in the sensor responses.
FIGS.12-14 show further embodiments of flexible strain
sensors. Beginning with FIG. 12, a flexible strain sensor 100
comprises an elongated central active region 102 that is
terminated by rectangular end members 104. The sensor 100
comprises a flexible substrate (not visible) on which is
formed an amorphouscarbonlayer 106. In this embodiment,
the active region 102 comprises a continuous line that forms
two diagonal segments 108 that together form a chevron
shape that forms a point 110.
Referring next to FIG. 13, a flexible strain sensor 120
comprises an elongated central active region 122 that is
terminated by rectangular end members 124. The sensor 120
also comprises a flexible substrate (not visible) on which is
formed an amorphouscarbonlayer 126. In this embodiment,
however, the active region 122 comprises a continuousline
that includes three semicircular loops 128.
With reference to FIG. 14,illustrated is a flexible strain
sensor 140 that comprises an elongated central active region
142that is terminated by rectangular end members 144. The
sensor 120 also comprises a flexible substrate (not visible)
on which is formed an amorphouscarbon layer 146. In this
embodiment, the active region 142 comprises two continu-
ous meandered lines 148 that each comprise multiple par-
allel lateral segments that are connected to each other attheir
ends by parallel linear segments that are aligned with a
length direction of the sensor 148, in similar manner to the
meanderedline 50 described above. In addition, the active
region 142 includes two lateral segments 150 positioned
between the meanderedlines 148 that join the lines together.
In the illustrated example, the lateral segments 150 each
have a chevron shape similar to that described above in
relation to the sensor 100 shown in FIG. 12. Although the
embodiment ofFIG. 14 is similar to that shown in FIGS.4-6,
the embodiment of FIG. 14 is more balanced and therefore
is less likely to twist when stretched.
The flexible strain sensors can be used in manydifferent
applications, including medical applications. One particu-
larly interesting application is incorporation of the sensors
into an implantable intraocular lens JOL). FIG. 15 shows an
example IJOL 160 to which sensors have been applied. As
shown in this figure, the IOL 160 comprises a generally
circular central body 162 through which a patient sees when
the IOL has been implanted and asymmetric, curved elon-
gated arms 164 that extend outward from the body that
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stabilize the IOL within the eye. The body 162 and arms 164
can be made from a continuous substrate of flexible, bio-
compatible polymeric material, such as PDMS, polyimide,
liquid crystal polymer, or parylene-c. As is further shown in
FIG. 15, strain sensors 166 that comprise patches of piezore-
sistive amorphous carbon have been directly deposited on
the arms 164 near the points at which they attach to the body
162 for the purpose of measuring strain within the IOL 160.
By connecting electrical conductors to opposite ends of each
patch, strain in those areas can be determined.
FIG. 16 shows a further implantable IOL 170 to which
sensors have been applied. As shown inthis figure, the IOL
170 also comprises a generally circular central body 172 and
asymmetric, curved elongated arms 174 that extend outward
from the body. In this embodiment, however, multiple
flexible strain sensors 176 have been formed on the IOL 172,
both on its body 172 andits arms 174. As above, each sensor
176 is formed by depositing piezoresistive amorphous car-
bon on the IOL.In this case, however, each sensor 176 has
a configuration similar to that shown in FIG. 14.
FIG. 17 shows a contact lens 180 having a generally
circular body 182 on which are multiple flexible strain
sensors 184, each also having a configuration similar to that
shown in FIG. 14.
The invention claimedis:
1. A flexible strain sensor comprising:
a flexible polymeric substrate having a top surface; and
a layer of amorphous carbon formed on the top surface of
the substrate;
wherein the sensor comprises a meandered active region
formed by the substrate and the layer of amorphous
carbon, the substrate and the layer of amorphouscar-
bon both tracing a meandered line within the active
region.
2. The sensor of claim 1, wherein the substrate is bio-
compatible.
3. The sensor of claim 1, wherein the substrate is a
polyimide substrate.
4. The sensor of claim 1, where in the substrate is
approximately 1 jum to 500 um thick.
5. The sensor of claim 1, wherein the amorphous carbon
layer is approximately 0.01 ym to 100 um thick.
6. The sensor of claim 1, wherein the sensor further
comprises end members provided at ends of the active
region.
7. The sensor of claim 6, wherein the active region
comprises multiple parallel meandered lines.
8. The sensor of claim 7, wherein the active region further
comprises lateral segments that join the meandered lines.
9. An optical device comprising:
a lens body; and
a flexible strain sensor provided on the lens body, the
sensor including a flexible polymeric substrate having
a top surface and a layer of amorphous carbon formed
on the top surface of the substrate, wherein the sensor
comprises a meandered active region formed by the
substrate and the layer of amorphous carbon, the sub-
strate and the layer of amorphous carbon both tracing
a meandered line within the active region.
10. The device of claim 9, wherein the device is an
implantable intraocular lens.
11. The device of claim 10, wherein the implantable
intraocular lens further comprises armsthat extend from the
body and wherein a strain sensor is provided on each arm.
US 9,752,861 B2
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12. The device of claim 10, wherein the implantable
intraocular lens comprises a body and wherein a strain
sensor is provided at each of multiple positions around the
periphery of the body.
13. The device of claim 9, wherein the device is a contact 5
lens.
14. The device of claim 13, wherein contact lens com-
prises a body and wherein astrain sensor is provided at each
of multiple positions around the periphery of the body.
15. The sensor of claim 1, wherein the meandered line 10
comprises multiple parallel lateral segments and multiple
parallel linear segments.
16. The sensorof claim 1, wherein sensor is embedded in
an elastic material.
17. The device of claim 9, wherein the meandered line 15
comprises multiple parallel lateral segments and multiple
parallel linear segments.
18. The device of claim 9, wherein sensor is embeddedin
an elastic material.
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